Abstract-In the last two decades, numerical models have become well-recognized and widely adopted tools to investigate stenting procedures. Due to limited computational resources and modeling capabilities, early numerical studies only involved simplified cases and idealized stented arteries. Nowadays, increased computational power allows for numerical models to meet clinical needs and include more complex cases such as the implantation of multiple stents in bifurcations or curved vessels. Interesting progresses have been made in the numerical modeling of stenting procedures both from a structural and a fluid dynamics points of view. Moreover, in the drug eluting stents era, new insights on drug elution capabilities are becoming essential in the stent development. Lastly, image-based methods able to reconstruct realistic geometries from medical images have been proposed in the recent literature aiming to better describe the peculiar anatomical features of coronary vessels and increase the accuracy of the numerical models. In this light, this review provides a comprehensive analysis of the current state-of-the-art in this research area, discussing the main methodological advances and remarkable results drawn from a number of significant studies.
INTRODUCTION
Coronary artery diseases are one of the major causes of death in the industrialized world. Among the current treatment options, angioplasty and stenting procedures are nowadays the preferred treatments due to their good clinical results and lower invasiveness compared to coronary artery by-pass. However, stenting success is still limited by some clinical issues affecting the arterial healing process such as neo-intimal hyperplasia, 9 in-stent restenosis 81 and late stent thrombosis. 86 These issues have been associated to arterial wall injury (rupture of the internal elastic lamina) during stent deployment 43 and other important biomechanical factors such as persistent nonphysiological stresses inside the arterial wall 26 or abnormal wall shear stresses (WSS) caused by a stentdisturbed hemodynamics that undermine the correct endothelial functionality. 14, 111 In the last two decades, computational methods have emerged as powerful tools to examine the stent performance either in isolation or when implanted inside a vessel. These models have an advantage over the experimental and in vivo studies as they can easily assess biomechanical quantities that are difficult, if not impossible, to be measured in the stent itself or in the vessels undergoing a real stenting procedure. Nonetheless, numerical methods have many limitations relating to both the modeling and the verification/ validation processes that should be clearly stated and taken into account while interpreting the computed results.
The first step to address in the modeling a stenting procedure is the construction of the vessel and stent models. The majority of the earliest numerical models investigating coronary stenting have relied on idealized geometries. Good reviews of these simplified structural or fluid dynamics models can be found in the recent literature. 62, 75 Image-based coronary models used to investigate stenting procedures appeared in 2008 in a finite element study performed by Gijsen et al. 35 whereby a patient-specific artery was reconstructed with a combination of intravascular ultrasonography and conventional coronary angiography (CCA) and used in a structural simulation of stent deployment. Following the reconstruction and discretization of the geometries, the second step is the definition of appropriate constitutive laws for the different components of the system (blood, biological tissues, angioplasty balloon, stents, etc.). Then, realistic boundary conditions and external loadings are necessary to describe the surrounding complex biomechanical environment occurring in the coronary arteries during or after the stent deployment. The last step is the proper numerical simulation of the stent interactions with the vessel wall or the blood stream and the computation of the desired structural, fluid dynamics or drug transport quantities.
The present review focuses at first on the reconstruction of image-based geometrical models. The latest numerical studies examining the biomechanics of stented coronary vessels are then described, highlighting their main modeling advancements and clinical findings. Deeper attention is paid to those studies involving complex geometries such as curved vessels or coronary bifurcations tackling current clinical challenges characterized by low clinical success rates. 92 Due to increasing interests on this topic, in 2010 Moore et al. 69 described the basic biomechanics of coronary bifurcations and the complex biomechanical challenges associated with stenting bifurcated arteries.
Structural, fluid dynamics and drug elution models are here reviewed separately even if most of the newest studies involve a sequential implementation of these methods responding to the accepted evidence on the multifactorial nature of this topic. In the last section of this review, potential future directions for numerical models of coronary stenting are outlined.
CORONARY IMAGING FOR IMAGE-BASED MODELS
Much effort has been made over the last decade to reconstruct image-based models of coronary arteries to be used in computational studies. 96, 100 Coronary imaging is still an open challenge for any medical imaging operators. The main reason is that coronary arteries are small (2-4 mm in diameter), have tortuous, complex, three dimensional paths and are continuously in motion. Besides ordinary requisites, such as complete diagnosis capability, accuracy and limited invasiveness, coronary imaging requires high temporal resolution to resolve the constant motion of the respiratory and the cardiac cycles, and high spatial resolution for the accurate imaging of very small vessels. 56 Nowadays, CCA is the standard clinical test for the imaging of diseased coronary arteries, but recently other tomographic and imaging systems such as computed tomography angiography (CTA), magnetic resonance imaging (MRI), intravascular ultrasonography (IVUS) and optical coherence tomography (OCT) have been developed and used for coronary imaging. Albeit not being routinely used in clinical practice, these imaging techniques have proven to be able to accurately provide further anatomical and functional information with respect to CCA, such as presence of atherosclerotic plaque, thickness of arterial wall, composition of vascular tissues or even stent struts location. These coronary imaging techniques are listed in Table 1 summarizing some of their main features.
Indeed, while rigid-wall-assumption CFD analyses of coronary arteries only require the internal arterial surface reconstruction to implement a consistent geometrical model, more complex studies such as image based structural simulations or fluid-structure interaction models also require other information like arterial wall thickness, potential presence of atherosclerotic plaques and tissue properties characterization. These data cannot all be obtained via a single imaging technique. As a consequence, recently, several methods able to combine information coming from two different imaging techniques have been developed and proposed in the literature. 13, 55, 93 Lastly, the potential presence of medical devices in the vessels leads to other complications since current major imaging techniques cannot simultaneously detect both biological tissues and metallic objects.
Reconstruction of Coronary Arteries
The main steps required for an image-based model generation are depicted in Fig. 1 , where the imagebased reconstruction of a stenotic right coronary artery is shown as an example. 35, 36 The first phase in the image-based modeling process is the extraction of the vessel skeleton and the subsequent surface reconstruction from medical images of the vascular anatomy. Some 3D imaging techniques such as CTA or MRI allow a direct 3D reconstruction of the internal or external vessel geometry by providing a series of aligned 2D cross-sections of the arteries. On the other hand, cross-sectional images obtained with IVUS and OCT need to be associated with other imaging systems like CCA in order to reconstruct a realistic vessel path in the 3D space. Depending on the type of images available, the skeleton is reconstructed manually or with computer-assisted segmentation of individual image slices using the boundaries of the lumen and/or the vessel outer wall. The vessel boundary is then defined to generate the surface of a solid model. Surfaces of vessels without lateral branches are directly reconstructed by connecting splines describing the vessel circumferences. For bifurcating or branching vessels the surface generation is more complicated: a common approach is to reconstruct each branch separately and then merge the vessels via CAD software.
After the vessel reconstruction process, the final phase is the discretization of the complex model into finite elements to be used in numerical analysis. Geometries that are topologically equivalent to straight tubes, such as coronary artery segments with no branches, are easily discretized with structured or even unstructured hexahedral meshes. Such meshes may also be computed for bifurcations, but more effort is required to ensure the element quality. 22 Unstructured tetrahedral meshes are more popular and easier to be computed but may result in lower convergences speeds of the analysis and less reliable results.
In the next paragraphs, some of the published image-based reconstruction strategies are outlined. Starting from the methods that make use of a single imaging technique, in 2002 Antiga et al. 1 were able to reconstruct various arterial bifurcations using only CTA images, proposing a fast, accurate and reproducible technique. Their study developed a methodology able to build and analyze patient-specific 3D geometrical models and to semi-automatically generate high quality hexahedral meshes. In 2010, Galassi et al. 30 proposed a 3D reconstruction of coronary bifurcations based on 2D CCA images, obtained in standard clinical tests. Their novel 3D reconstruction system well reproduced a solid image starting from simple biplane angiographies. Dvir et al. 25 also successfully generated 3D models of coronary bifurcations using 2D angiographies taken from different angles of projection. Subsequently, authors used the solid geometries to investigate morphological changes occurring after the treatment. Other groups combined outcomes from different imaging systems taking advantage of each technique to overcome the limitations of the other. In 1996, Krams et al. 55 demonstrated the feasibility of combining CCA and IVUS. This technique, validated and used in many investigations, 35, 107 has the main advantage that CCA and IVUS imaging acquisitions are simultaneous. Moreover, it does not rely on manual selection and matching of anatomical landmarks. 105 The vessel path is identified from 2D angiographies while IVUS images provide the cross-sections to obtain accurate geometries of both the inner and outer wall. Output of their imaging procedure consisted of arterial contours that were subsequently positioned perpendicular to the reconstructed 3D catheter path to loft a 3D solid model. The 3D reconstruction of the lumen and the vessel wall is generated with a CAD software utilizing B-splines and the mesh was then created using tetrahedral elements. Other research groups have also combined CCA and IVUS to obtain 3D reconstructions of coronary arteries. 8, 93 Subsequently, van der Giessen et al.
105 presented another interesting framework that merges IVUS and CTA and can be used to derive 3D lumen and wall geometries in which the relationship between WSS and atherosclerosis can be investigated. In 2011, Ca´rdenes et al. 13 developed for the first time a method to combine CTA and CCA for the reconstruction of coronary artery bifurcations. These authors analysed vessels that underwent stenting surgery examining pre-and post-operative conditions. Correspondence between CCA, CTA images and the realistic 3D bifurcation geometries is shown in Fig. 2 . Limitations of this reconstruction technique are the assumption of circular cross section for the arteries and the limited information regarding the different composition of vascular tissues and the outer arterial wall shape. Recently in 2011, Tu et al. 102 published a study where a new co-registration approach able to combine X-ray angiography and IVUS/OCT imaging is presented. This strategy allows a straightforward and reliable solution for the assessment of the extent of coronary artery disease and the reconstruction of the coronary tree providing detailed information about lumen area and plaque size at every position along the vessel of interest. Limitation of this new approach is that OCT is not routinely gated to the cardiac motion and in vivo validation has been limited.
Reconstruction of Stented Coronary Arteries
The generation of image-based models of stented coronary arteries is mainly used for CFD or drug elution studies. The simultaneous reconstruction of both the arterial wall and the devices is more complicated for two main reasons: (i) stents are metallic structures characterized by a very complicated shape and small geometrical features; (ii) images of implanted stents need to be simultaneously acquired with arterial tissues that are characterized by very different optical properties. Currently only OCT is able to simultaneously allow the in vivo imaging of both the stent struts and the artery. Compared to IVUS, OCT provides a clearer view of the stent struts and their positions relative to the vessel wall, simplifying the detection of poor struts apposition, tissue prolapse and wall dissections. 90 Moreover, this technique is also able to detect plaque positioning and biological tissues composition. 106 Thus, in authors' opinion, this technique seems to be very promising and worth further investigation in the future.
However, reconstruction of image-based models of stented arteries from OCT is currently limited by a series of issues like the necessity of registering the OCT cross-sectional images to the guide-wire pathway and the impossibilities of simultaneously acquisition of both bifurcation branches. These difficulties are more evident when the object to be reconstructed is a stent, characterized by a complex shape and small design features. Indeed, Ellwein et al., 27 in 2010, successfully reconstructed an image-based model of coronary artery from OCT images but they needed a virtual method of stent implantation to complete the information from OCT images and reconstruct the implanted device.
Regarding in vitro cases, a successful alternative approach, not applicable in in vivo cases, is the imaging of the stented polymeric phantoms by means of a micro-CT scans as proposed in 2012 by Foin et al. 29 This strategy allows the reconstruction of a reliable fluid domain of an in vitro bench test of stenting procedures able to be used for CFD studies. More details regarding this particular study will be proposed in the next section dedicated to fluid dynamic numerical models of stented arteries.
ADVANCEMENTS ON THE NUMERICAL MODELING OF STENTING PROCEDURES: WHERE WE ARE
In this section, the most relevant recent numerical studies on stenting procedures are described, highlighting their main modeling progresses and clinical findings. Structural, fluid dynamics and drug elution models are here described separately even if most of the newest studies involve sequential implementations of these numerical models responding to the accepted evidence of the multifactorial nature of this topic.
Structural Models
In the last 15 years, modeling of stent expansion has been tackled with different strategies not always explicitly considering the balloon and the vessel presence. 12, 28, 52, 64, 65, 74, 85, 99, 101, 112 The results obtained by the earlier studies are discussed in more details in the publication proposed by Martin and Boyle. 62 Conversely, only the main findings from recent studies involving complex geometries such as curved vessels and coronary bifurcations, or presenting the newest modeling techniques are considered here.
First of all, the majority of the recent studies where coronary stents interact with the arterial wall consider the presence of a balloon during their deployment. The construction of the balloon geometrical model and the selection of the boundary conditions and external loadings applied to the angiography balloons are key choices that need to be accurately done when simulating the stenting deployment. The first computational works studying the effect of different modalities of stent expansion (nodal displacements, internal pressure, cylindrical surface displacement) were proposed by De Beule et al. 20 and by Gervaso et al. 34 In 2008, De Beule et al. 20 analysed different modeling strategies of stent expansion (Fig. 3) using the Cypher stent. These authors concluded that deployment with a tri-folded balloon configuration showed a better qualitative and quantitative agreement with both manufacturer's data and experiments. Similar results were obtained by Gervaso et al. 34 adopting a multi-folded balloon and including a model for the arterial wall. Their main result was that the expansion strategy highly affected stress patterns in the arterial wall provoked by the stent insertion. Consequently, in the current stateof-the-art, commonly accepted finding is that a balloon model is necessary to better describe the stent-artery interaction during stent deployment. Expansions with cylindrical surfaces should only be accepted in structural models that are highly focused on the structural behavior of a single (central) stent ring and do not aim to investigate the whole stent-artery interaction.
Nowadays, the inclusion of the vessel wall has been recognized as central in coronary stenting modeling as well. The definition of constitutive laws for the vessel wall, including the dissimilar arterial layers, is often based on the work carried out by Holzapfel et al. 47 whose results are adopted as a standard for modeling coronary arteries. In that work, authors firstly performed an experimental investigation of the passive mechanical properties of arterial strips from each of the three layers of human left anterior descending coronary arteries in both the axial and circumferential directions; secondly, they implemented specific constitutive laws for the description of the mechanical response of each tissue.
Pathological coronary arteries are characterized by the presence of atherosclerotic plaques which could strongly influence the mechanical behavior of the FIGURE 2. Top row: CCA images of five coronary bifurcations. Middle row: corresponding bifurcation plane from CTA images with manual segmentation (red), pre-(yellow) and post-operative (green) outlines overlaid. Bottom row: 3D geometrical models of the bifurcations, with inner lumen referred to the pre-(yellow) and the post-operative (green) models. Image copied with permission from Cà rdenes et al. 13 .
arteries and the post-stenting structural outcomes. 32, 84, 113 Indeed, the mechanical properties exhibited by plaque tissue components are highly responsible for lumen widening after stent expansion. However, only a few studies involving stenting simulations considered their presence. Commonly, the constitutive laws used to model atherosclerotic plaques are based on the experimental data presented in 1994 by Loree et al., 59 who found a large variation in the mechanical behavior within each plaque type (cellular, hypocellular or calcified). Numerical studies considering the presence of plaque used isotropic hyperelastic 84, 113 or hyperelastic-plastic 32 constitutive models to describe in a simple way a mechanical behavior that, in reality, is characterized by very complex phenomena such as rupture, plaque shift and delamination.
Recently, much attention has also been paid to complex geometries like coronary bifurcations. Indeed, stent implantation in complex geometries such as coronary bifurcations is still a challenging clinical problem, with a higher rate of procedural complications. 16 Different techniques [provisional side branch (SB), crush technique, Culotte technique, T-stenting, V-stenting, etc.] that imply the insertion of one or two devices are described in the literature 51 and new dedicated devices are emerging as potential options; 58 however, an optimal procedure has not been found.
In 2009 and 2010, Mortier et al. used finite element analyses to investigate stenting procedures in coronary bifurcations. In their studies, the authors observed the behavior of different stent designs in terms of strut distortion at the SB access after balloon dilation 72 and compared three different stents in the curved main branch (MB) of a coronary bifurcation built using rotational angiography with the aim of providing better insights into the related changes of the mechanical environment. 73 Peculiarity of that work is the implementation of a new algorithm to assign fiber orientation to elements and consider the anisotropic mechanical behavior of the three different coronary layers described by Holzapfel et al. 47 In 2010, Gastaldi et al. 32 investigated the provisional SB approach focusing their attention on the effects of different procedural options. At first, three different accesses to the SB were simulated; then the comparison between the final kissing balloon (FKB) procedure and the dilatation of the MB only as final step of the interventional procedure (Fig. 4) was proposed in order to assess their influence on the arterial wall stress state. Atherosclerotic plaques were included in this model and described with a hyperelastic-plastic behavior using a polynomial strain energy density function. In 2010, Harewood et al. 45 proposed a multiscale approach incorporating the results of microscale modelling of failure in individual stent struts and macroscale modelling of stent deployment in realistic arterial geometries. In particular, authors proved how stenting procedures for coronary bifurcations such as the provisional SB approach or the crush technique may provoke critical changes of curvatures and strains at some locations of the devices leading to higher risks of failure. More recently, Morlacchi et al. 70 proposed a model to investigate the behavior of a new tapered balloon to be used within the FKB inflation and able to reduce the critical overexpansion of the proximal part of the MB. The novelty of that work is that the final geometrical configurations obtained after the structural analyses can be used to create a realistic fluid domain to perform transient fluid dynamic analyses. In such a way, the effects on the hemodynamic field of several geometrical factors such as malapposition of stent struts, tissue prolapse or non-uniform expansion of the vessel wall may be detected. Lastly, most of the studies make use of idealized geometries and simulate standard cases and techniques that can only provide general guidelines to improve coronary stenting treatment. The use of realistic patient-specific reconstructions might help physicians in a case-by-case interventional planning process by enabling virtual implantation and analysis of different treatments prior to the actual procedure. A feasibility study of such approach was firstly proposed by Gijsen et al. 35 In the future, advancements in coronary imaging may provide new opportunities to improve these models and allow the study of more complex scenarios.
Fluid Dynamics Models
Hemodynamic factors play a fundamental role in post-operative clinical issues such as in-stent restenosis and late-stent thrombosis. This has been shown in several clinical studies 54 and led to the development and use of numerical modelling techniques to better understand these aspects. However, due to very high computational costs required for transient computational fluid dynamics simulations, most of the earliest studies were related to reduced or highly simplified anatomies (i.e., straight vessels) and stent models. 75 Recently, more complex cases have been used.
From a modelling point of view, if within a structural analysis the geometrical configuration the stented vessel is the final result of the simulation itself, when investigating the fluid dynamics or drug transport behaviors, the deformed configuration of the stented vessel is the starting point and, probably, the most influencing modelling assumption. Different strategies to study hemodynamics in stented arteries were proposed in the recent literature and are hereby briefly reviewed.
The first strategy is the construction of idealized stented arteries using CAD programs. This approach was adopted in the first CFD studies involving stented arteries. In the authors' opinion, this method should only be used in the cases of straight arteries with no plaques or complex geometries, where an idealized configuration can return acceptable accuracy. Deplano et al. 23 in 2004 investigated the effects of two deployed Palmaz stents inserted in an idealised 90 degrees coronary bifurcation, simulating a double stent implantation. They showed how the arterial walls opposite to the bifurcation are affected by low WSS and that protrusion of SB stent struts in the MB results in flow disturbances and higher shear rates. In 2010, Murphy et al. 76 proposed an innovative numerical method to create geometries of stented arteries characterized by a tissue prolapse between stent struts that depends on the distance between the struts and on a specific coefficient of prolapse. Then, Williams et al. 108 aimed to quantify altered hemodynamics due to main vessel stenting and subsequent virtual SB angioplasty. Their models were idealized both in the anatomy and in the stent configuration, which was uniformly shaped. Authors concluded that MB stenting, even if followed 
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by a SB angioplasty, causes abnormal hemodynamic modifications in the bifurcated area. This might be one of the reasons for higher occurrence of adverse clinical event rates in those regions. Lastly, a very recent paper by Gundert et al. 41 analysed the relationship between vessel diameter and the hemodynamically optimal number of crowns using a derivative-free optimization algorithm coupled with CFD in idealized vessels. Objective of the optimization process was the minimization of the low WSS area; results indicate that the current design of commercial stents incorporate a greater number of crowns compared to the hemodynamically optimal stent designs.
The second strategy for reconstructing a CFD domain is based on medical images. In 2011, Gundert et al. 42 created their stented bifurcations based on a standard reconstruction of the internal arterial wall from medical images and used an innovative geometrical method to subtract a patient-specific virtually expanded stent from the fluid volume (Fig. 5 ). Despite being a step forward in the state-of-the-art, these models still have some limitations since they are not able to describe potential non-uniform expansion of stent cells in complex anatomies. Moreover, stent design may not be realistic in highly curved vessels resulting in erroneously shorter or longer stent struts. The suitability of this method was verified with patient-specific models of a stented coronary artery bifurcation constructed from OCT imaging data by Ellwein et al. 27 In this paper, the arterial wall surface was reconstructed by registering OCT cross sectional images to the pathway of the guide wire that was estimated by applying a shortest path algorithm to a graph representation of the artery. Stent implantation was obtained with the previously described virtual method. 42 In 2012, another research group 29 reconstructed the numerical fluid volumes by means of micro-CT scans of in vitro bench tests where different stents were deployed into silicone coronary bifurcations. In that work, the authors compared a typical FKB procedure with a sequential 2-step post-dilation of the SB and the MB. These treatments were performed after MB stenting aiming to open SB ostium and reduce strut malapposition. Their analyses showed that the latter option may offer a simpler and more efficient alternative to FKB technique by reducing some of the FKB drawbacks such as low WSS areas and high wall stresses caused by the overexpansion and elliptical configuration obtained in the proximal part of the MB.
The third alternative for the reconstruction of the CFD geometries is the creation of deformed configurations of vessel and stents by means of structural simulations of stenting procedures. This strategy allows the simultaneous biomechanical assessment of stenting procedures both from a structural and a fluid dynamic point of view and provides a more realistic representation of the fluid volume since it is able to perceive geometrical features such as tissue prolapse, strut malapposition or overlapping metallic layers. This method was firstly proposed in 2008 by Balossino et al.
5 who investigated the influences of different commercial stents expanded in straight idealized vessels. In 2011 Pant et al. 82 developed a method to perform single-objective stent optimization considering both structural and fluid dynamic analyses. The same strategy was adopted by Morlacchi et al. 70 in more complex cases of stenting procedures involving coronary bifurcations. Structural and transient CFD simulations highlighted the drawbacks of standard FKB in terms of overexpansion of the MB and consequential increase of low WSS areas. Hemodynamic improvements resulting from the use of a tapered balloon lead, to a reduction of the critic low WSS areas. In 2011, Chiastra et al. 15 used the same approach to investigate the differences provoked by a distal or a proximal SB access after MB stenting. According to clinical practice, CFD simulations showed that a distal access should be preferred to reduce the hemodynamic disturbances of the stenting procedures. Besides coronary arteries, similar methodologies were adopted by De Santis et al. 21 and Bernardini et al. 6 in carotid artery and cerebral aneurysms stenting, respectively.
Lastly, a method combining the second and third strategies was proposed in 2011 by Morlacchi et al.
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In this paper, micro-CT images were used to reconstruct coronary stents implanted in in vivo pig models while finite element simulations were used to obtain the geometrical configuration of the explanted coronary arteries (Fig. 6) . The realistic geometry obtained from micro-CT images and computer simulations was characterized by proximal overexpansion and asymmetric deployment of the stent leading to a markedly non-uniform distribution of WSS values. Authors found a good correlation between the computed hemodynamic parameters and the asymmetric neointimal growth evaluated by means of histomorphometric analyses of the explanted vessels. This correlation could not be appreciated with studies characterized by idealized geometries.
After the creation of the fluid volume, the definition of appropriate boundary conditions is the other crucial modelling choice in CFD simulations. Due to the complexity of in vivo measurements, patient-specific boundary conditions are frequently lacking. As a consequence, in most of the studies, boundary conditions are usually based on standard velocity tracings measured in human coronary arteries 19 or empirical/ morphometric relationships associating flow rates with arterial diameters. 49, 77, 104 An example of velocity tracings in different human coronary districts can be found in Davies et al. 19 while van der Giessen et al.
104
recently presented an empirical relationship (Eq. (1)) between the average flow (q) and the coronary diameter (d) fitting experimental measurements 24 in healthy human coronary arteries:
In presence of bifurcated geometries, the choice of the flow split among the SB is another critical point. In 1926, Murray presented a study 77 based on the Poiseuille's law to determine the vessel radius requiring minimum expenditure of energy by the organism. The result of this study is valid for the whole vascular tree and lead to the following formula (Eq. (2)):
where q D1 and q D2 are the mean flows through the diameters of the two daughter branches (d D1 and d D2 ).
Recently, different studies 49, 104 showed that, specifically for the coronary tree, the flow ratio between daughter branches is best described with lower exponential values. In particular, van der Giessen et al.
found that a power value of 2.27 results in a better agreement with the previously mentioned experimental measurements. However, the presence of obstructive cardiovascular diseases or medical devices may influence these flow distributions in the coronary tree. In this light, Morlacchi et al. 70 and Williams et al.
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implemented 0D lumped parameter models that account for the impedance of the downstream vascular systems and were coupled at the outlets of the 3D fluid volumes of the stented regions. In this way, they verified that flow split is not highly influenced by the presence of a stent or a mild plaque. Moreover, it remains almost constant during the entire cardiac cycle. These findings are in agreement with what reported in Lee et al. 57 who stated that the resistances in epicardial coronaries accounts for only 10% of the total resistance of the coronary bed leaving to the downstream regions the capability of regulating the flow distribution among the branches. Obviously, this occurrence is not valid in presence of very severe stenosis or complete obstructions of vessels and has to be carefully evaluated for each case studied.
Drug Eluting Models
After the successful introduction of drug eluting stents (DES) to overcome in-stent restenosis, the ability to correctly release drug into the arteries became an important factor in the development of stent devices. Several computational models have been recently proposed using one-dimensional, 60, 87 bi-dimensional, [2] [3] [4] 7, 39, 50, 66, 67, 103, 114 or three-dimensional approaches. The 3-D models consist of either simplified geometries 48, 53 or geometries derived from structural simulations of stent expansion. 17, 18, 63, 82, 115 The majority of these studies consider the arterial wall as a homogenous porous medium, and drug advection due to plasma leakage. In addition to this model setting, some authors account for drug binding to tissue proteins, others include anisotropic drug diffusivity or the presence of atherosclerotic plaque. A recent review on mass transport models for stented arteries has been proposed in 2010 by O'Connell et al. 79 Due to high computational costs, those studies investigated reduced arterial models with simplified geometries of arteries with no branches. Complex geometries like coronary bifurcations have been analysed in only three recent papers. 17, 18, 53 The effects of complex luminal flows have been demonstrated to strongly affect drug deposition in the arterial walls. In particular, Kolachalama et al. 53 constructed a two-phase computational model of stent-deployed in ideal arterial bifurcations simulating blood flow and drug transport. Simulations predicted that heterogeneous drug distribution patterns are sensitive to relative stent position and luminal flow. The study by D'Angelo et al. 18 used a deformed configuration of the stented arterial bifurcation obtained through structural simulations and found that the highest concentrations are located in the opposite part of the artery with respect to the bifurcation branch. Such an effect can be explained by a combination of fluid dynamics and mass transport phenomena and might reside in a specific feature of the elliptical arterial configuration caused by the implantation of a stent with the FKB technique. Such a configuration is responsible for promoting low axial velocities and possible blood recirculations in the lower part of the lumen, augmenting the effects of the bifurcation subtracting a considerable part of the flow from the upper part of the artery. The same model has been subsequently exploited in Cutrı`et al. 17 ( Fig. 7 ) to study the influence of different stenting configurations (the Provisional SB, the Culotte and the Inverted Culotte techniques), thus suggesting improvements in the treatment of coronary bifurcation lesions. Clinical issues such as the effectiveness of drug delivery to lesions in the SB, as well as the influence of incomplete strut apposition and overlapping stents involving one or two conventional stents are addressed in these studies.
Experimental validation is a fundamental step for each numerical model. However, the complexity of the biological phenomena affecting DES implantation makes this phase particularly challenging in these models. Among the experimental evidences described in the literature, particularly interesting is the paper proposed by O'Connell et al. 80 in 2011 where authors revealed that increased compressive forces on a porous media reduced the ability of species to diffuse through that media. This finding suggests that stent deformation could affect the ability of a drug-eluting stent to release correct therapeutic levels of drug in vivo. Thus, in the future, drug transport models should not only be focused on the effects of modified hemodynamics but should also consider the deformations provoked by stent implantations on the arterial wall.
FUTURE DIRECTIONS: WHERE TO GO
From the issues outlined in this review it is evident that stent modelling is still a wide research area. Innovations of interventional procedures and new medical devices may obtain benefits from computational studies. Further developments are required to solve the open issues currently limiting their applications and investigate the arising clinical problems and technological advancements.
Verification and Validation of Numerical Models of Stenting Procedures
Confidence in numerical methods is only possible after the verification of the mathematical foundation of the models and the validation of their results against experimental data. This issue is particularly complicated in computational biomechanics mainly due to the complexity of biological systems and uncertainties related to the experimental campaigns. 46 The ASME Committee for Verification and Validation in Computational Solid Mechanics defines verification as ''the process of determining that a computational model accurately represents the underlying mathematical model'' while validation is ''the process of determining the degree to which a model is an accurate representation of the real world''. 91 Among the two, validation is the most demanding issue in this field since most of the current studies make use of commercial software that are expected to have been verified by the code developers (code verification). Moreover, calculation verification, which focuses on errors arising from discretization of the numerical domains, has been performed in most of the presented studies via mesh convergence studies and has now become a conventional step.
On the other hand, direct validation of numerical models of stenting procedures is a costly and time consuming process and faces some challenging problems. The high complexity and variability of the biomechanical systems, the lack of standard experimental guidelines and the incapacity/difficulties to accurately measure the quantities of interests are the main issues that currently limit the execution of a proper validation. Some previous studies 20, 32, 34 have performed indirect validations of their models using experimental results or data available in the literature or from manufacturer reports. In those cases, experimental quality control, sources of error, and the degree of variability are not typically know nor controllable.
As a consequence, more efforts in the verification and validation processes would certainly be useful and desirable in order to provide numerical models of stenting procedures a higher reliability and wider acceptance.
New Frontiers and Arising Clinical Issues
Degradable stents is an area where efforts should be directed as these devices could represent the third revolution for cardiovascular intervention after the introduction of bare metal and drug eluting stents. In this regards, in the literature some modelling studies on polymeric 37, 38, 68, 94, 95 and metallic stents 33, 40, 109, 110 have been performed but should be applied to more realistic cases and more thoroughly validated. The main issues involving degradable devices are the mechanical properties of polymeric stents resulting in thicker stent struts, and the sub-optimal degradation rates both for metallic and polymeric devices. In particular, stents fabricated in magnesium alloys seem to have a fast degradation rate while biodegradable polymers (mainly poly-L-lactic acid, PLLA) are too slowly absorbed in the human body (12-18 months). 31 In this light, numerical methods coupled with shape optimization methods may be helpful in finding innovative solutions to improve the stent mechanical properties or degradation process. Another aspect worth of deeper investigation is the multi-scale modelling of in-stent restenosis after coronary artery stenting. This complex multi-science and multi-scale phenomenon is not fully understood, and identification of how different biomechanical factors correlate to in-stent restenosis may pave the way to computer-aided design of stent-based therapies. An example of these studies is proposed by Caiazzo et al. 10 where a multi-scale model system is implemented as a collection of single-scale models that operate on different temporal and spatial scales. These single-scale models for stent deployment, blood flow, vascular smooth muscle cells and drug diffusion communicate with each other via smart conduits. In Tahir et al., 98 a 2D version of this model is implemented; their results were compared to an available porcine dataset. Authors found a strong correlation between strut thickness and the rate of smooth muscle cell proliferation. Moreover, simulation results suggest that the growth of the restenotic lesion is strongly dependent on the stent strut cross-sectional profile.
Coronary stent failure due to fatigue fracture is also emerging as one of the critical issues for the stent success. 78, 83, 97 Clinical studies proved that some factors such as stent design, length of the device, specific vascular districts or stenting procedures have been identified as independent causes of coronary stent fracture. Computational studies can be valuable to identify the critical areas prone to fracture and improve the treatment or the choice of the device. In 2006, the study by Marrey et al. 61 proposed a damagetolerant analysis of a coronary cobalt-chromium stent, where the design life is conservatively evaluated using a fracture mechanics methodology. In future studies, this phenomenon might be better predicted using patientspecific or image-based models as demonstrated for stented valves by Schievano et al. 89 Moreover, cardiac wall dynamics and its cyclic loadings on the implanted devices should not be neglected while investigating this issue.
Efforts should also be dedicated towards methodological aspects aiming to overcome the obstacles that limit the current use of numerical models in the clinical field. First, computational analyses should be more accessible to inexpert operators such as clinicians. In fact, simulations at the current state-of-the-art are difficult to implement and highly dependent on the operator skills, especially in the construction of geometrical models and their discretization. Simplification of the use of such models may help in the virtual planning process by comparing the performances of different devices or procedural options. Another great limitation is related to the computational time required to run complex simulations. Stenting procedures are real-time interventions and the computational cost should be reduced as much as possible. In this light, a promising solution may be the use of simplified elements such as beams which have been demonstrated to be able to predict similar maximum and minimum stresses along a stent at significantly reduced computational costs. 11, 44 Lastly, more accurate and detailed image-based geometrical models should be pursued to increase the realism of the simulations leading to highly patient-specific models in terms of both geometries and boundary conditions. A very recent study by Ra¨ber et al. 88 showed how offline fusion of co-registered IVUS and OCT, for example, can potentially improve the diagnostic accuracy of plaque characterization and offer an ideal platform to elaborate more realistic geometries that can be used for computer simulations. 
